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Abstract
A search for physics beyond the standard model in the final state with two same-
flavour leptons (electrons or muons) and two quarks produced in proton-proton col-
lisions at
√
s = 13 TeV is presented. The data were recorded by the CMS experiment at
the CERN LHC and correspond to an integrated luminosity of 2.3 fb−1. The observed
data are in good agreement with the standard model background prediction. The
results of the measurement are interpreted in the framework of a recently proposed
model in which a heavy Majorana neutrino, N`, stems from a composite-fermion sce-
nario. Exclusion limits are set for the first time on the mass of the heavy composite
Majorana neutrino, mN` , and the compositeness scale Λ. For the case mN` = Λ, the
existence of Ne (Nµ) is excluded for masses up to 4.60 (4.70) TeV at 95% confidence
level.
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11 Introduction
Experimental evidence has promoted the standard model (SM) to the role of the reference the-
ory for high-energy particle physics. Despite its successes, there are several fundamental as-
pects of observed particle physics that lack a complete explanation within the SM. One of these
is the mass hierarchy of fermions, for which a possible solution has been offered by composite-
fermion models [1–3].
In the composite-fermion scenario, quarks and leptons are assumed to have an internal sub-
structure that should manifest itself at some sufficiently high energy scale, the compositeness
scale Λ. Ordinary fermions are considered as bound states of some not yet observed funda-
mental constituents generically referred to as preons. Two model-independent properties [4–7]
are experimentally relevant: the existence of a contact interaction, in addition to the gauge
interaction, which represents an effective approach for describing the effects of the unknown
internal dynamics of compositeness, and the existence of excited states of quarks and leptons
with masses lower than or equal to Λ. A particular case of such excited states could be a heavy
composite Majorana neutrino (HCMN), N` (` = e, µ, τ) [8–11].
In this Letter we present, for the first time, the results of a search for heavy composite Majorana
neutrinos predicted in the framework of a new model described in Ref. [12]. In that reference,
the production and decay of N` are analyzed, considering both gauge and contact interactions.
The total interaction is given by the coherent sum of the contact and the gauge contributions,
as shown in Fig. 1. The contribution of the contact interaction to the production cross section is
two to three orders of magnitude higher compared to that of the gauge interaction [12].
The contact interaction is described by an effective four-fermion Lagrangian of the type
LC = g
2∗
Λ2
1
2
jµ jµ, (1)
with
jµ = ηaL f¯Lγµ f
′
L + η
b
L f¯ ∗Lγµ f
∗′
L + η
c
L f¯ ∗Lγµ f
′
L + h.c. + (L→ R), (2)
where fL and f ∗L are the SM and excited left-handed fermion fields, g
2∗ = 4pi, and the η factors,
which define the chiral structure, are set equal to one. The gauge interaction between the SM
fermions and the excited fermions is described by a magnetic-type coupling
LG = 12Λ L
∗
Rσ
µν
(
g f
−→τ
2
· −→Wµν + g′ f ′YBµν
)
LL + h.c. (3)
where L∗R and LL are the right-handed excited doublet and left-handed SM doublet, g and g
′
are the SU(2)L and U(1)Y gauge couplings,
−→
Wµν and Bµν are the field strengths for the SU(2)L
and U(1)Y gauge fields, respectively,
−→τ are the Pauli matrices, Y is the weak hypercharge, and
f and f ′ are dimensionless couplings, assumed to be 1 [7].
From the Lagrangians in Eqs. (1) and (3) we can infer that the higher the value of Λ, the lower
the production cross section of the heavy composite Majorana neutrino. Since N` is its own
antiparticle, it can be produced either as a neutrino or an antineutrino. In pp collisions it can
be produced in association with a lepton through quark–antiquark annihilation (qq′ → `+N`).
This process can occur via both gauge and contact interactions. The latter is dominant for a
wide range of Λ values, including the ones to which we are sensitive in this search. Figure 2
(left) shows the leading order (LO) production cross section, as a function of the N` mass, for
the case Λ = 9 TeV, which is one of the values considered in this Letter whose calculation is
based on Ref. [12].
2 1 Introduction
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Figure 1: Leading order diagrams representing heavy composite Majorana neutrino produc-
tion. The total interaction is the coherent sum of the gauge and contact interactions. Charge-
conjugate reactions are implied. See Ref. [12].
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Figure 2: Production cross section in pp collisions at
√
s = 13 TeV of the heavy composite
Majorana neutrino via gauge and contact interactions as a function of Majorana mass at Λ =
9 TeV (left) and decay width of the heavy composite Majorana neutrino for Λ = 9 TeV as a
function of its mass (right). The figures illustrate LO results of calculations based on Ref. [12].
The heavy composite Majorana neutrino can decay through both gauge and contact interac-
tions. In this case, either the gauge or the contact interaction is dominant, depending on Λ and
on the mass of N`, as illustrated in Fig. 2 (right).
Being a Majorana particle, N` can decay either as a neutrino or an antineutrino with possible
decay modes:
N` → `qq′, N` → `+`−ν`(ν`), N` → ν`(ν`)qq′,
where the parentheses indicate that the decay product can be a neutrino or an antineutrino.
The possible final states are:
``qq′, ```ν`(ν`), `ν`(ν`)qq′.
In this Letter, the final state ``qq′ is considered, as it has the highest sensitivity. We focus on the
cases in which ` is either an electron or a muon, giving rise to the channels eeqq′ and µµqq′.
For our analysis we use a data sample of proton-proton collisions at
√
s = 13 TeV recorded in
2015 with the CMS detector at the CERN LHC, which corresponds to an integrated luminosity
of 2.3 fb−1 [13].
Previous searches for compositeness models have been carried out at pp, pp, e+e−, and ep
colliders. The most recent results, from the ATLAS and CMS Collaborations, are given in [14,
15] and exclude the existence of excited electrons (muons) up to masses of 2.45 (2.47) TeV at 95%
confidence level (CL), for the case m`∗ = Λ. The search performed in the context of Ref. [12],
which is discussed below, can reach a sensitivity for the existence of heavy composite Majorana
neutrinos up to masses of 4.55 (4.77) TeV for Ne (Nµ), for the case m`∗ = Λ.
3Direct searches for heavy neutrinos have been performed by the ATLAS [16, 17] and CMS [18–
21] Collaborations. These previous searches have been performed in the ``qq′ (` = e, µ, τ)
channels, considering two leptons and two spatially separated jets. However, in our case, this
selection has limited acceptance for gauge boson mediated decays, for which the two jets are
expected to overlap, as they originate from highly Lorentz-boosted hadronic W boson decay
products. We overcome this constraint by selecting events with at least one jet with angular
radius large enough to contain a merged pair of partons. Such a requirement is also highly
efficient for heavy composite Majorana neutrino decays mediated by the contact interaction,
where we select only one of the two decay jets, as described later in this paper. This final selec-
tion, considered for the first time in a search for heavy neutrinos, could improve the sensitivity
of searches for heavy neutrinos in the framework of other models, such as the one considered
in Refs. [19, 20].
2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal diam-
eter, providing a field of 3.8 T. Within the field volume are the inner tracker, the crystal electro-
magnetic calorimeter (ECAL), and the brass and scintillator hadron calorimeter (HCAL). The
inner tracker is composed of a pixel detector and a silicon strip tracker, and measures charged-
particle trajectories in the pseudorapidity range |η| < 2.5. The finely segmented ECAL consists
of nearly 76 000 lead-tungstate crystals that provide coverage up to |η| = 3.0. The HCAL con-
sists of a sampling calorimeter, which utilizes alternating layers of brass as an absorber and
plastic scintillator as an active material, covering the range |η| < 3, and is extended to |η| < 5
by a forward hadron calorimeter. The muon system covers the region |η| < 2.4 and consists
of up to four planes of gas ionization muon detectors installed outside the solenoid and sand-
wiched between the layers of the steel flux-return yoke. A detailed description of the CMS
detector can be found elsewhere [22].
3 Data samples and simulation
Monte Carlo (MC) event generators are used to simulate the signal and the SM background
processes. The MC samples for the signal are generated at LO with CALCHEP (v3.6) [23] for
four values of the parameter Λ: 1, 5, 9, and 13 TeV and six values of the heavy composite
Majorana neutrino mass: 0.5, 1.5, 2.5, 3.5, 4.5, and 6.5 TeV, but only for the cases in which mN`
is lower than Λ. The signal samples produced with Λ = 9 TeV are used as reference samples
in the analysis, while the samples generated with other values of Λ are used to study how the
signal efficiency changes, as discussed in Section 4.
The simulations for the processes tt, tW, and tW (the latter two referred as tW in the rest
of the paper) are performed at next-to-the-leading order (NLO) with POWHEG (v2) [24–26],
while the Drell–Yan (DY) and the W+jets samples are generated with MADGRAPH5 aMC@NLO
(v5.2) [27]. The WW, WZ, and ZZ processes are produced with PYTHIA (v8.2) [28] and are
normalized to NLO.
The NNPDF 3.0 [29] parton distribution functions (PDF) are used, and all simulated samples
use the PYTHIA program with the CUETP8M1 tune [30] to describe parton showering and had-
ronization. Additional collisions in the same or adjacent bunch crossings (pileup) are taken
into account by superimposing simulated minimum bias interactions onto the hard scatter-
ing process, with a number distribution matching that observed in data. Simulated events are
propagated through the full GEANT4 based simulation [31] of the CMS detector.
4 5 Background estimation
4 Event selection
Single-lepton triggers that require either an electron with transverse momentum pT > 105 GeV
or a muon with pT > 50 GeV within |η| < 2.4, are thus used to select events in the eeqq′ and
µµqq′ channels, respectively. As the signal is characterized by high-momentum leptons in the
final state, the difference in trigger thresholds does not affect the relative signal sensitivity.
Electrons are reconstructed as superclusters in the ECAL associated with tracks in the tracking
detector [32]. Requirements on energy deposits in the calorimeter and number of track mea-
surements are imposed to distinguish prompt electrons from charged pions and from electrons
produced by photon conversions. Muons are reconstructed using the inner tracker and muon
detectors [33]. Quality requirements, based on the minimum number of measurements in the
silicon tracker, pixel detector, and muon detectors are applied in order to suppress backgrounds
from decays in flight of hadrons and from hadron shower remnants that reach the muon sys-
tem. We require exactly two electrons or exactly two muons and the two leptons must come
from the same vertex. The pT of the leading (subleading) electron is required to be higher than
110 (35) GeV; the corresponding threshold for muons is 53 (30) GeV. All lepton candidates have
to be reconstructed within |η| < 2.4 and to pass isolation requirements, as specified in [32, 33]
in order to reduce background from misidentified jets.
Jets are reconstructed using the anti-kT clustering algorithm [34, 35] applied to the objects re-
constructed with the particle-flow (PF) algorithm [36]. The latter combines information from
all CMS subdetectors and reconstructs individual particles in the event (electrons, muons, pho-
tons, neutral and charged hadrons). Jets are reconstructed with a distance parameter of R = 0.8,
and are referred to as “large-radius jets” (and labelled by the symbol “J”) in the rest of the text.
This distance parameter is suitable for reconstructing jets that originate from both gauge and
contact interactions. The large-radius jets are required to have a pT > 190 GeV, |η| < 2.4, and
to be separated from leptons by ∆R =
√
(∆η)2 + (∆φ)2 > 0.8, where φ is the azimuthal angle.
Using MC signal samples we find that requiring one or more large-radius jets guarantees high
signal efficiency for events with two leptons (greater than 95% for heavy composite Majorana
neutrinos of masses above 1 TeV) and is suitable for N` decays through both the gauge and
the contact interactions. The signal region for the search for heavy composite Majorana neutri-
nos is defined by requiring two leptons, selected without specifying the charge, with invariant
mass m`` > 300 GeV and at least one large-radius jet satisfying the previously described re-
quirements. The requirement on m`` is introduced in order to reduce the DY background and
part of the tt background, without affecting the signal acceptance. With this selection, the total
efficiency for events entering the signal region is expected to be about 50% in the eeqq′ channel
and 75% in the µµqq′ channel, for masses of N` greater than 1 TeV and Λ = 9 TeV. We find
that the total signal efficiency varies by at most 25% for signal samples produced with Λ of 1
and 13 TeV, while it changes less than 3% for signal samples generated with Λ between 5 and
13 TeV. A shape-based analysis is performed, searching for evidence of a signal by considering
the distribution of the mass of the two leptons and the leading large-radius jet, m``J. This vari-
able provides good discrimination between the signal and the SM background contributions,
as can be seen in Fig. 4.
5 Background estimation
The dominant background process is top quark pair production, tt, which is estimated together
with the single top quark tW contribution. These two sources of background are always con-
sidered together in this analysis and the combination is referred to as tt + tW. The estimation
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Figure 3: Data events in the eµqq′ control regions used to estimate the tt + tW contribution
in the eeqq′ (left) and µµqq′ (right) channels, compared to the expectations of the background
simulations. “Other” stands for the contribution from W+jets and diboson events.
is performed using a control sample in data free of signal contamination. This control sam-
ple consists of ``′qq′ events in which one lepton is required to be an electron and the other a
muon. The acceptance and efficiency differ between muons and electrons, and we find that
the overall event efficiency depends most strongly on the kinematics of the leading lepton. We
therefore define samples of separate and distinct final states eµJ and µeJ, where the first named
lepton is the leading one, as control samples for the signal samples eeJ and µµJ, respectively.
All other requirements are the same for both the control and signal samples. We have veri-
fied that the meeJ and mµµJ distributions are well-modelled by the corresponding meµJ and mµeJ
distributions using the MC samples. Figure 3 shows good agreement between data and expec-
tation from MC simulation for the meµJ and the mµeJ distributions. Backgrounds from processes
other than tt + tW in these control samples are estimated from simulation and subtracted prior
to being transferred to the signal region. The final tt + tW contribution is estimated from the
mass shapes of the different flavour control regions scaled to the signal regions by transfer
factors. The transfer factors depend on m``J and are estimated in bins corresponding to those
of Fig. 3, which are then used for the final mass distributions in the signal regions. They are
evaluated using MC simulation and account for differences in acceptances and efficiencies of
selected eµqq′ and µeqq′ events of the control regions with respect to the selected eeqq′ and
µµqq′ events of the signal regions.
The DY process gives rise to another source of background when two leptons are produced
together with initial-state radiation that results in a jet. This contribution is estimated from
the MC simulation normalised to data in the signal-free region around the Z boson mass peak
given by 80 < M(``) < 100 GeV. In order to check the validity of the measured normalization
factors for masses above the Z boson mass peak, we compare the data with the MC prediction
in the signal-depleted region given by 100 < M(``) < 300 GeV. We find that the normalisation
factors vary by 8% between these two mass ranges, and we use this value to assign a systematic
uncertainty. The statistical and systematic uncertainties of the normalisation factor are then
combined with the statistical uncertainty of the DY simulation to estimate the total systematic
uncertainty.
Multijet events with at least three jets may enter the signal or control region for estimating
backgrounds related to top quarks if two of these jets are misidentified as leptons. The contam-
ination due to this process is found to be negligible because of the low rate at which jets are
6 7 Results
misidentified as leptons. We verify this with a method developed in the CMS search for Z′-like
resonances in electron pair or muon pair final states [37]. Nonisolated lepton candidates se-
lected from data are weighted by a correction factor to extrapolate the final contribution to the
signal region. The correction factor is the rate of a nonisolated lepton to pass the full selection
and is measured from data as a function of pT and η.
The other SM backgrounds, arising from W+jets and diboson production, are small (∼5% of
the total), and their contribution is taken directly from MC simulation.
6 Systematic uncertainties
The systematic uncertainties are taken into account through their effect on the mass distribu-
tion and the yield normalisation. The uncertainty in the calculation of the tt + tW and DY
backgrounds is dominated by the statistical uncertainty of the control samples used for the
estimations. The contamination from sub dominant backgrounds in these control regions has
a negligible effect on the systematic uncertainty. The uncertainties related to the background
estimations vary between 20 and 30% (40 and 100%) from the lowest to the highest mass bin
in which the tt + tW (DY) processes contribute. The uncertainty associated with the estimation
of the W+jets and diboson backgrounds, which together represent only a small fraction of the
events in the signal region, has a negligible impact on the limit calculation. The uncertainty
in the acceptance associated with the PDFs is evaluated in accordance with the PDF4LHC rec-
ommendations [38], using the PDF4LHC15 Hessian PDF set with 100 eigenvectors. The PDF
uncertainty amounts to 10% for the DY background and 4% for the signal. Uncertainties re-
lated to the trigger, and to lepton reconstruction, identification, and isolation efficiencies are
measured by dedicated analyses using Z → `` events [32, 33] and amount on average to 3%
(6%) for the background and 4% (10%) for the signal in the electron (muon) channel. The sys-
tematic uncertainty in the lepton energy scale and resolution are found to be approximately
5% (6%) for the background and 3% (4%) for the signal. The uncertainty related to jet energy
scale amounts to 3% (4%) for the background of the eeqq′ (µµqq′) channel, and around 1% for
the signal regardless of the channel. Uncertainties related to jet energy resolution correspond
to 2 and 4% for the background and the signal, respectively, in both channels. The imperfect
modelling of pileup interactions leads to a systematic uncertainty of about 4% for background
and 2% for signal. The uncertainty in the total integrated luminosity amounts to 2.3% for the
2015 data [13].
7 Results
Table 1 lists the estimated background yields, the total number of observed events for each
channel and the number of events expected for the signal, considering Λ = 9 TeV and two
hypotheses for the masses of N`: 1.5 and 2.5 TeV. Table 1 (upper) shows the number of events
integrated over all values of the reconstructed mass, while Table 1 (lower) shows the agreement
for the high sensitivity region above 1.4 TeV.
Distributions of m``J are shown in Fig. 4, where the data are compared with the estimated SM
backgrounds and two different signal hypotheses are superimposed. The figures are for the
eeqq′ (left) and µµqq′ (right) channels. The uncertainties on the background estimation are the
combination of the statistical and the systematic uncertainties.
The observations are in agreement with the background expectations from the SM. We use a
modified frequentist CLs criterion [39, 40] to set an upper limit at 95% CL on the product cross
7Table 1: Number of events observed in data are compared to the expected background yields
and those of a hypothetical heavy composite Majorana neutrino of mass 1.5 and 2.5 TeV, and
Λ = 9 TeV, given for all values of m``J (upper table) and for m``J > 1.4 TeV (lower table). The
expected signal yields are computed at LO accuracy. “Other” stands for the contribution from
W+jets and diboson events. The background and signal simulation yields are given with both
statistical and systematic uncertainties. Statistical uncertainties given as 0.0 correspond to val-
ues much smaller than the systematical uncertainty.
Process (all m``J)
eeqq′ µµqq′
(mean± stat± syst) (mean± stat± syst)
tt + tW 26 ± 4 ± 3 44 ± 6 ± 5
Drell-Yan 22 ± 1 ± 5 30 ± 1 ± 7
Other 3.3 ± 0.8± 0.1 4.7 ± 0.9± 0.4
Total 51 ± 4 ± 6 80 ± 6 ± 8
Observed 64 88
N` (1.5 TeV) 9.7 ± 0.0± 0.3 12.8 ± 0.0± 1.6
N` (2.5 TeV) 2.4 ± 0.0± 0.1 3.2 ± 0.0± 0.4
Process (m``J > 1.4 TeV)
eeqq′ µµqq′
(mean± stat± syst) (mean± stat± syst)
tt + tW 2.8 ± 1.5± 0.9 2.9 ± 1.8± 1.3
Drell–Yan 3.2 ± 0.3± 2.0 4.3 ± 0.4± 2.7
Other 0.36 ± 0.10± 0.04 0.25 ± 0.10± 0.11
Total 6.4 ± 1.5± 2.2 7.5 ± 1.8± 3.0
Observed 8 10
N` (1.5 TeV) 9.4 ± 0.0± 0.3 12.4 ± 0.0± 1.6
N` (2.5 TeV) 2.4 ± 0.0± 0.1 3.2 ± 0.0± 0.4
section for production of the heavy composite Majorana neutrino produced in association with
a lepton and the branching fraction for the N` decay to a same-flavour lepton and two quarks,
(pp → `N`)B(N` → `qq′). We also set upper limits on the compositeness scale Λ. The
m``J distributions for the MC signal, SM backgrounds, and observed data are used as input in
the limit computation together with the systematic uncertainties discussed in Section 6, which
are treated as uncorrelated among the bins of the mass distribution, if they are related to the
background estimations, and correlated otherwise.
The observed and expected upper limits on σ(pp → `N`)B(N` → `qq′) as a function of the
mass of the heavy composite Majorana neutrino are shown in Fig. 5. The bands represent
expected variations of the limit to one and two standard deviation(s). The solid blue curve
indicates the theoretical prediction of σ(pp→ `N`)B(N` → `qq′) for mN` = Λ, while the light
red textured curves show the same theoretical prediction for three Λ values ranging from 6 to
12 TeV. The corresponding exclusion limits on the compositeness scaleΛ are displayed in Fig. 6.
At low N` masses, values of the compositeness scale Λ can be excluded up to 11.5 and 10.0 TeV
in the eeqq′ and µµqq′ channel, respectively. The sensitivity to Λ decreases at higher masses
of N`. For the case of mN` = Λ, the resulting exclusion limits on mN` are up to 4.60 (4.55) TeV
in the eeqq′ channel and 4.70 (4.75) TeV in the µµqq′ channel, considering the observation (SM
expectation). When deriving these limits, we assume that the signal efficiency is independent
of Λ. This hypothesis has been validated for signal samples produced with Λ between 5 and
13 TeV, while for samples with Λ lower than 5 TeV the difference can be up to 25%. Despite
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Figure 4: Distribution of the variable m``J for the data (black points), the estimated SM back-
grounds (stacked filled histograms), and the signal (lines) with Λ = 9 TeV and masses of N`
equal to 1.5 and 2.5 TeV, for the eeqq′ (left) and the µµqq′ (right) channels. “Other” stands
for the contribution from W+jets and diboson events. The background uncertainties are the
combined statistical and systematic uncertainties.
this difference, the whole region in Fig. 6 remains excluded because of the much higher cross
section for lower Λ points. We further verify that the upper limits on mN` for a given Λ value
vary at most by 5% comparing the cases in which the MC signal m``J distributions produced
with Λ equal to 5 and 13 TeV are used as input in the limit calculation.
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Figure 5: The observed 95% CL upper limits (solid black lines) on σ(pp→ `N`)B(N` → `qq′),
obtained in the analysis of the eeqq′ (left) and the µµqq′ (right) final states, as a function of
the mass of the heavy composite Majorana neutrino, N`. The corresponding expected limits
are shown by the dotted lines, and the bands represent the expected variation of the limit to
one and two standard deviation(s). The solid blue curve indicates the theoretical prediction
of σ(pp → `N`)B(N` → `qq′) for Λ = mN` . The uncertainty in the theoretical prediction is
derived by taking into account the factorizatin and normalization scales. The light red textured
curves give the theoretical predictions for three Λ values ranging from 6 to 12 TeV in steps of
3 TeV.
8 Summary
A search for physics beyond the standard model has been performed in the framework of a
new model [12] predicting a heavy Majorana neutrino, N`, that originates from a composite-
fermion scenario and is produced in association with a matched-flavour charged lepton. The
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Figure 6: The observed 95% CL lower limits (solid black lines) on the compositeness scale
Λ, obtained in the analysis of the eeqq′ (left) and the µµqq′ (right) final states, as a function
of the mass of the heavy composite Majorana neutrino, N`. The dotted lines represent the
corresponding expected limits and the bands, the expected variation to one and two standard
deviation(s). The grey zone represents the phase space Λ < MN` , which is not allowed by the
model.
measurement is performed analysing the final state with two leptons, selected without specify-
ing the charge, and at least one large-radius jet, a signature not previously utilized in searches
for heavy neutrinos. The data set used corresponds to an integrated luminosity of 2.3 fb−1
collected with the CMS detector at the LHC in pp collisions at
√
s = 13 TeV. Good agreement
between the data and the standard model prediction is observed. Upper limits are set at 95%
confidence level both on the product of the cross section σ(pp→ `N`) and the branching frac-
tion B(N` → `qq′), and on the compositeness scale Λ, as a function of mN` , ` being an electron
or a muon. For the representative case Λ = mN` , Ne masses up to 4.60 TeV and Nµ masses up
to 4.70 TeV are excluded. This measurement represents the first search that places constraints
on the model described in Ref. [12].
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